Background
==========

The incidence of diabetes is higher than ever \[[@B1]\]. The contemporary peak of diabetes is related to a higher frequency of obesity and sedentary life as well as a high-fat-diet (HFD) \[[@B2]\]. These facts apply to adults and children alike \[[@B3]\]. For these reasons, several strategies are being used to tackle the problem of obesity and to improve diabetes management \[[@B4]\].

A rise in the incidence of diabetes will cause, in turn, an increase in diabetes complications, such as nephropathy, cardiopathy and diabetic retinopathy, the latter being considered the main cause of new onset blindness in the United States \[[@B5]\].

Advances in molecular biology and medical technology enabled researchers to better understand the early mechanisms of diabetic retinopathy. An increased expression of glial-fibrillary-acidic-protein (GFAP) in the retina and specific abnormalities in the electroretinogram were identified a few weeks after inducing diabetes in animals \[[@B6]\]. These early changes were followed by retinal vascular permeability, microaneurysm development and intraretinal microvascular abnormalities (IRMA) \[[@B7]\].

Type 2 diabetes accounts for 90% of diabetes prevalence \[[@B5]\]. However, most experimental studies on diabetic retinopathy have been done in animal models of type 1 diabetes. In this group of animals an injection of streptozotocin (STZ) is generally used to chemically destroy pancreatic beta cells. Nevertheless, STZ can also be used to develop type 2 diabetes models in which beta cell loss takes place at a slower rate \[[@B6]-[@B8]\]. In our study we used the neonatal diabetic rat model fed on a HFD. Animals in this model are treated by an intraperitoneal injection of STZ at day 2 of life and fed on a HFD from week 8 onwards. For comparison purposes we also included a group of animals treated with STZ but fed on a normal diet \[[@B9]\]. Both animal models have been previously characterized \[[@B9],[@B10]\]. To the best of our knowledge, no previous experimental study has investigated the role of HFD in inducing diabetic retinopathy in rats, animals often used in preclinical research. This type of diet is known to accelerate metabolic disorders and their microvascular complications. Bearing in mind the increasing role of obesity and fat food intake in the pathophysiology of diabetes \[[@B3],[@B11]\], we aimed at determining the effect of a HFD on the retina of diabetic rats. Results reported herein were compared to results from non-diabetic and diabetic rats fed on a normal diet.

Methods
=======

Rat models of diabetes
----------------------

Diabetic rats on a HFD. Pregnant Wistar rats provided by Comisión Nacional de Energía Atómica (CONEA, Buenos Aires) were housed in the animal facilities at 21 +/− 1°C on a 12-h light--dark cycle. They were daily examined until delivery. Two days after birth, newborn rats were intraperitoneally injected with STZ (45 mg/kg) (Sigma-Aldrich, St- Louis, MO), in 0.1 ml of 0.1 M solution of citrate buffer of 154 mM of NaCl at pH 4.5 \[[@B9],[@B12],[@B13]\]. The animals remained with their mothers until 21 days of age. Eight weeks after birth, STZ-treated animals were fed with a home-made HFD (25.62% of fat content), (Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}), which was prepared every week and stored at −7°C. Blood samples of 32 μl obtained by tail snipping were utilized to measure blood glucose levels using the Reflotron System (Boehringer Mannheim, Germany) one week after initiating the diet and every month thereafter. Rats which showed glycemic levels \>160 mg/dl after one week on the HFD were included in the study.

###### 

Composition of high-fat-diet (HFD) and standard diet

                                    **Standard**   **HFD**            
  --------------- ----------------- -------------- --------- -------- --------
  Carbohydrates                     54.22%                   28.86%    
  Protein                           23.62%                   23.60%    
  Aminoacids                        2.25%                    2.25%     
                  Lysine                           51.11%             51.11%
                  Methionine                       26.66%             26.66%
                  Threonine                        22.22%             22.22%
  Fat                               2.71%                    25.62%    
                  Saturates                        24.22%             46.46%
                  Monounsaturated                  30.21%             47.51%
                  Polyunsaturated                  45.6%              6.34%
  Ions            Calcium           1.40%                    1.60%     
                  Sodium            0.05%                    0.05%     
                  Magnesium         0.18%                    0.18%     

###### 

The constitution of fatty acids

  **Fatty acids**   **High fat diet**   **Standard diet**
  ----------------- ------------------- -------------------
  C4:0              0.01                0.04
  C6:0              \-\-\--             0.05
  C10:0             0.02                \-\-\--
  C12:0             0.07                \-\-\--
  C13:0             0.02                \-\-\--
  C14:0             3.15                0.53
  C14:1 TRANS       0.19                0.13
  C14:0 CIS         0.2                 0.12
  C15:0             0.84                0.15
  C15:1             0.49                0.18
  C16:0             24.96               15.62
  C16:1 TRANS       0.46                \-\-\--
  C16:1 CIS         3.36                1.12
  C17:0             2.17                0.45
  C17:1 TRANS       0.11                \-\-\--
  C17:1 CIS         0.83                0.17
  C18:0             14.9                6.74
  C18:1 TRANS       2.84                0.4
  C18:1 CIS         38.63               27.73
  C18:2 TRANS       0.8                 0.08
  C18:2 CIS         5                   42.12
  C20:0             0.1                 0.34
  C18:3 CIS         0.54                3.4
  C20:1             0.6                 0.28
  C22:0             0.02                0.18
  C22:1 CIS         \-\-\--             0.2
  TOTAL             100                 100

Diabetic rats fed on a normal diet. Two days after birth animals were intraperitoneally injected with 90 mg/kg SZT (Sigma-Aldrich, St-Louis, MO) in 0.1 M of citrate buffer in 154 mM of NaCl at pH 4.5. Two days after induction blood was drawn intracardially following the method described by Bonner-Weir \[[@B9]\]. Blood glucose was determined in puppies. For the quantification of glycemia, 32 μl of blood and reagent strips (Reflotron System, Boehringer Mannheim, Germany) were used. Animals were labeled as diabetic if they showed hyperglycemia ≥200 mg/dl. Animals remained with their mothers until 21 days of age.

Control rats. Non-diabetic control animals with no STZ injection were fed on standard chow (2.71% of fat content). See Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

Ten diabetic rats were sacrificed after 37 weeks of diabetes (45 weeks old in the HFD-SZT group and 37 weeks old in the SZT group with no diet) while ten non-diabetic rats were killed at 41 weeks of age. Animals were handled according to the ARVO Statement for the Use of Animals in Ophthalmic Research.

Clinical parameters
-------------------

Each animal was weighed using a standard scale at 8 weeks of life and before death. Lipidemia levels were measured using the Reflotron System every month and before the animal was killed.

Fatty acid profile
------------------

The chemical compound of a HFD and a conventional diet are shown in Table [2](#T2){ref-type="table"}. In brief, the HFD contains 25.6% of fat (46.4% of saturated, 47.5% monounsaturated and 6.3% of polyunsaturated fats) while the conventional diet contains 2.71% of fat (24.2% of saturated, 30.2% of monounsaturated and 45.6% of polyunsaturated fats). The diet's chemical compound was analyzed using animal and vegetable fats and oil-analysis by gas chromatography of fatty acids methyl esters, according to The International Organization for Standardization (ISO 5508: 1990-E) (Table [2](#T2){ref-type="table"}).

Histological examination
------------------------

Rats were anesthetized by an intraperitoneal injection of 350 mg/kg of chloral hydrate. The eyes were removed and fixed in 4% paraformaldehyde (Sigma-Aldrich, St Louis, MO). Animals were sacrificed by an overdose of chloral hydrate. The anterior segment of the eye and the vitreous were removed and the eye-cup was left one day for fixation. They were then immersed for cryoprotection in 4 concentrations of glucose (5%, 7.5%, 10% and 20%, overnight) and interlocked with resin. Ten-micron cryosections were obtained (Shandon AS325 Retraction) and stained with haematoxylin and eosin (H&E) as well as periodic acid-Schiff (PAS) for microscopic examination using an Eclipse Nikon E800 Microscope (Tokyo, Japan).

Immunohistochemical and immunofluorescent analyses
--------------------------------------------------

The eye was removed and fixed for 48 hours in 4% paraformaldehyde (Sigma-Aldrich, St Louis, MO). The eye-cups were then dissected and fixed in 4% paraformaldehyde in a phosphate buffer for one hour. They were then immersed for cryoprotection in 4 concentrations of glucose (5%, 7.5%, 10% and 20% overnight) and interlocked with resin. Ten-micron sections were obtained and fixed on polylisine-treated glass slides (Shandon AS325 Retraction).

The GFAP expression was analyzed using the primary monoclonal anti-mouse anti- GFAP antibody (BIOGENEX, 4600 Norris Canyon Road, San Ramon, CA, USA). For immunohistochemistry, the sections were first incubated in biotinylated goat-anti-mouse IgG, then in avidin-biotin peroxidase complex Kit and finally in 3.3'-diaminobenzidine (DAB)/nickel solution. For immunofluorescence, axial sections were revealed using the secondary goat-anti mouse antibody with fluorescein. Immunofluorescent analysis was done using the Eclipse Nikon Microscope (Tokyo, Japan).

The following primary antibodies were used for immunohistochemical analyses:

The anti-mouse polyclonal antibody against vascular endothelial growth factor (VEGF) (1:500) (Santa Cruz Biotechnology Inc. 2145 Delaware Avenue Santa Cruz, CA, USA); the anti-mouse polyclonal antibody against receptor advanced-glycation end products (RAGE) (1:300) (AnaSpec Inc, San Jose, CA, USA); the anti-mouse polyclonal antibody against 5-lipoxygenase (5-LO) (1:500) (Assay biotechnology company, San Francisco, CA, USA) and the anti-mouse polyclonal antibody against tumor necrosis factor-alpha (TNF-α) (1:100) (Assay Biotechnology Company, San Francisco, CA, USA). The process for immunohistochemical and immunofluorescent analyses was similar to that described for GFAP.

Western blot (WB)
-----------------

Isolated retinas were rinsed in the lysis buffer (5 mM Tris--HCl pH: 6.8, 2 mM MgCl2, 2 mM EDTA, 65 mM NaCl, 1% Triton X-100) and cocktail protease inhibitor (Sigma-Aldrich, St. Louis MO, USA). Protein concentration was determined according to Bradford method \[[@B14]\]. Total protein (10 μg per well) was electrophoresed on a 12% SDS-polyacrylamide gradient gel and blotted onto nitrocellulose. The blot was incubated with primary antibody, washed and further incubated in a secondary antibody. The bands were visualized using the enhanced chemiluminescence detection system (ECL, Amersham, Arlington Heights, IL, U.S.A.). The primary antibodies against 5-LO (Assay Byotech, USA), VEGF (Santa Cruz Biotechnology, CA), TNF-α (Assay Biotechnology Company), RAGE (AnaSpec Inc), β-actin (Santa Cruz Biotechnology, CA) and glyceraldehyde-3-phosphate dehydrogenase (GFPDH) (Santa Cruz Biotechnology, CA) used at 1:1000, 1:500, 1:500, 1:1000, 1:1000 and 1:500 dilutions, respectively, were utilized for WB.

Retinal protein was isolated in pools from four control rats (41 weeks old), diabetic rats on a HFD and diabetic rats on a normal diet (37 weeks of diabetes). At least three independent experiments were performed for each condition.

Trypsin digestion technique
---------------------------

After the cornea was incised, the eyeball was fixed by immersion for a minimum of 4 hours in 4% formalin buffered with 50 mM Na-K phosphate (pH 7.2). As explained before, the retina was dissected and placed again in 4% buffered formalin for 1 hour more. The retina was cut into a segment convenient for handling and washed overnight in running water. Thereafter, it was incubated at 37°C in a solution of 3% trypsin (Difco 1:250) and 0.1 M tris buffer (pH 7.8) for 1--3 hours. The incubation was finished when the medium became cloudy and the tissue showed signs of digestion. The internal limiting membrane was peeled off in one sheet. The network of vessels was freed of adherent retinal tissue by gentle shaking, mounted on a clean slide and allowed to dry. The preparation was stained with PAS and eosin \[[@B15]\].

Image analysis
--------------

### Pericyte count

Image analysis measurements were made using a KS400 system (Kontron Elektronic/Zeiss, Eching, Germany) and a Nikon DXM 1200 digital camera (Tokyo, Japan) mounted onto an Eclipse Nikon E-800 microscope for image acquisition. Briefly, images were digitalized in a rectangular frame of 1280 × 960 pixels using the 40× objective in the photo mode of illumination intensity. To adjust for possible defects in the illumination of the optical pathway, a low-pass image was produced for subtraction and background shading correction. After that, a gray value for image segmentation was interactively chosen. In order to define a threshold gray level, all the pixels whose gray value informative content was lower or higher than the segmentation gray were set to white and the others, to black. Pericytes and endothelial cells were counted by an observer in 10 randomly selected sectors of each retina. The number of pericytes was normalized to the relative capillary density (number of cells per millimeter squared of capillary area -- 3 pixels^2^ of capillary area = 1 mm^2^). The mean value of pericytes and endothelial cells was calculated in each animal. Samples were evaluated in a masked fashion. We did the same to count acellular capillaries and intercapillary bridges.

Statistical analysis was carried out using one-way analysis of variance and Newman-Keuls Multiple Comparison Post-Test to compare the number of pericytes between diabetic (37 weeks of disease) and control rats (41 weeks of age). All elements out of the two standard deviations were eliminated.

### Measurement of retinal thickness. Ganglion cell count

Microscopic evaluation of retinas included scanning tissue sections for evidence of gross disease followed by morphometric analysis, which involved measuring retinal thickness and the number of cells in the ganglion cell layer (GCL).

Retinal transversal sections were divided into three equal parts (inner, middle and outer) from the optic disc to periphery. Cells of the GCL were quantified by counting cells in the middle part of the retina. Ten fields (275 μm each of horizontally diameter) were counted. The mean value of these variables was calculated for each animal. Thickness measurements of the entire retina as well as from the inner plexiform layer (IPL) to the photoreceptors layer were taken in the posterior retina from 100 to 500 μm from the optic disc to the periphery, in two different points of each field in each group. Samples were evaluated in a masked fashion.

Image analyses were performed using a Nikon DXM 1200 digital camera (Tokyo, Japan) mounted onto an Eclipse Nikon E-800 microscope for image acquisition. Images were digitalized in a rectangular frame of 1280 × 960 pixels using the 40× and 10 × objectives for GCL cell count and thickness measurements, respectively. To adjust for possible defects in the illumination of the optical pathway, a low-pass image was produced for subtraction and background shading correction.

Statistical analysis was carried out using one-way analysis of variance and Newman-Keuls Multiple comparison Post-Test to compare the number of cells in the GCL between diabetic (37 weeks of disease) and control rats (41 weeks of age). All elements out of the two standard deviations were eliminated.

### Percentage of ganglion cells stained with RAGE among diabetic rats

Immunohistochemical images of ganglion cells stained with RAGE were digitalized in a rectangular frame of 1280 × 960 pixels using the 20× objective in the photo mode of illumination intensity. Ten images were used for each slide. Four eyes of four animals from each group were analyzed. Twenty slides were utilized in each animal. The percentage of stained ganglion cells was obtained from each slide. Mean and standard deviation were compared between diabetic animals.

Results
=======

Diabetic rats with and without a HFD had higher glycemia levels (range 160--390 mg/dl) at 37 weeks of diabetes compared to age-matched control rats (range 80--120 mg/dl). Similarly, increased levels of triglyceridemia were observed in diabetic animals (Table [3](#T3){ref-type="table"}).

###### 

Weight, glycemia, trygliceridemia and cholesterolemia in diabetic and control rats

  **Animal group**   **WA**   **WD**    **N° of rats**   **Parameters\***              
  ------------------ -------- -------- ---------------- ------------------ ----- ----- -----
  DBT-HFD            8        0               12               320         111   N-M   N-M
  DBT-HFD            9        1               12               340         224   N-M   N-M
  DBT-HFD            20       12              12               434         253   139   116
  DBT-HFD            45       37              6                449         212   114   115
  DBT (2 days old)   0        0               10               7.26        321   N-M   N-M
  DBT                37       37              10               388         353   116   121
  Control            41       \-              12               524         115   91    119

N-M: not measured; WD: weeks on HFD; WA: weeks of age; Gl: Fast glycemia; Tri: triglyceridemia; Ch: cholesterolemia; \* Mean ; \*\*gr; \*\*\* mg/dl.

Diabetic animals with fasting glycemia below 160 mg/dl were excluded. Control animals with fasting glycemia above 130 mg/dl were not included in the study.

The number of pericytes was found significantly lower in both groups of diabetic rats than in control animals (Figure [1](#F1){ref-type="fig"}). Vessel dilations, acellular capillaries and capillary obliterations were seen in both diabetic groups (Figure [2](#F2){ref-type="fig"}).

![**Pericyte count in diabetic and control rats.** The number of pericytes per capillary area was found to be significantly lower in the retinas of diabetic rats compared to controls but there were no differences between the two diabetic rat groups. The number of acellular capillaries per capillary area was found to be higher in the retinas of both diabetic rat groups compared to controls, but there were no differences between the two diabetic rat groups. The total number of pericytes and acellular capillaries was manually counted in 10 randomly selected fields of each retina. The number of pericytes and acellular capillaries was normalized to the relative capillary density (number per millimeter squared of capillary area -- 3 pixels^2^ of capillary area = 1 mm^2^). Samples were evaluated in a masked fashion (\*\*\*p \<0.0001, \*p \<0.05).](1471-2415-13-14-1){#F1}

![**Histology, using both the trypsin digestion and the conventional technique.** Normal appearance in controls (**A** and **C**), showing intercapillary bridges (**C** arrow head). In diabetics (**B**, **D**, **E** and **F**), acellular capillaries (**F** arrow head and arrows in E1 and E4), capillary obliteration (arrow in E3), vascular collapse and dilation (arrow in E3) in retinas of diabetic rats on a HFD at 37 weeks of disease.](1471-2415-13-14-2){#F2}

Retinal thickness was reduced in the diabetic groups compared to age-matched controls (Figure [3](#F3){ref-type="fig"}A,B). Control animals had retinal GCLs with densely packed cells. There was a typically uniform distribution of cells, except for an occasional blood vessel that made a little space between cells (Figure [3](#F3){ref-type="fig"}C,D), whereas in diabetic rats there was a dropping pattern of ganglion cells from central to peripheral retina. Besides, ganglion cells of both diabetic groups were significantly fewer than in controls (p \< 0.001) (Figure [3](#F3){ref-type="fig"}C).

![**Retinal thickness (A and B) and number of cells in the ganglion cell layer (GCL) of diabetic and control rat retinas (C and D).** (**A**) The thickness of the entire retina of 4 eyes from each group was measured 10 sections in the posterior retina 100 to 500 μm from the optic disc. Image analysis measurements were taken using a Nikon DXM 1200 digital camera (Tokyo, Japan) mounted onto an Eclipse Nikon E-800 microscope for image acquisition. Barr 50 μm. (**B**) Statistical analysis was carried out using one-way analysis of variance and Newman-Keuls Multiple Comparison Post-Test to compare diabetic groups and controls. All elements out of the two standard deviations were eliminated. (\*\*p \<0.001, \*\*\*p \<0.0001). (**C**) Number of cells in the GCL of diabetic and control rat retinas. The GCL was analyzed in H&E-stained cryosections of diabetic (37 weeks after onset of diabetes) and age-matched control retinas. Samples were evaluated in a masked fashion. Control animals had retinal GCLs with densely packed cells. There was a typically uniform distribution of cells, except for an occasional blood vessel that made a little space between cells (arrows) Barr 50 μm total frame 275 μm. (**D**) Statistical analysis was carried out using one-way analysis of variance and Newman-Keuls Multiple Comparison Post-Test to compare the number of ganglion cells between the groups. All elements out of the two standard deviations were eliminated. (\*\*\*p \<0.0001).](1471-2415-13-14-3){#F3}

Unspecified vitreoretinal interphase findings were quite similar in all animal groups (not shown).

GFAP was expressed in the retinal fiber layer of diabetic and non-diabetic animals. Staining was increased in diabetic rats, but the group fed on a HFD showed more widespread GFAP immunoreactivity in the retinal periphery than did the group fed on a normal diet (Figure [4](#F4){ref-type="fig"}). In HFD animals GFAP was expressed in cells with morphology and spatial organization similar to those seen in Müller cells (Figure [4](#F4){ref-type="fig"}).

![**Immunohistochemical and immunofluorescent expression of GFAP.** Immunohistochemical and immunofluorescent analyses of cross sections of diabetic retinas showed an increased expression of GFAP in cells with a morphology and spatial organization similar to those seen in Müller cells (arrow). GFAP immunoreactivity is higher in diabetic rats than in controls. The expression of GFAP in the peripheral retina was much more extended in diabetic rats fed on a HFD than in rats on a normal diet. Barr 50 μm.](1471-2415-13-14-4){#F4}

RAGE expression was found to be upregulated in diabetic animals. Its expression at the inner nuclear layer (INL) was only seen in diabetic rats on a HFD (Figure [5](#F5){ref-type="fig"}). Percentage of ganglion cells stained with RAGE was significantly increased in diabetic rats on HFD compared to diabetic rats fed on a normal diet (Figure [6](#F6){ref-type="fig"}). Besides, RAGE expression on WB was found to be higher in diabetic animals fed on HFD than in the other groups of rats (Figure [5](#F5){ref-type="fig"}).

![**Immunohistochemical analysis of RAGE expression.** A higher expression was found in diabetic rats than in controls. RAGE expression in the inner nuclear layer (INL) was only observed in diabetic rats on a HFD. Barr 50 μm. Western blot shows a higher expression in diabetic rats on a HFD (\*\*p \<0.05).](1471-2415-13-14-5){#F5}

![**Percentage of ganglion cells stained with RAGE among diabetic and and non-diabetic rats.** In the middle part of the retina, ganglion cells were counted in histological H&E-stained sections from four animals of each group of diabetic rats and controls. Twenty sections were analyzed in each animal and 10 standard fields (250 μm horizontally) were microscopically examined in each section. Ganglion cells stained with RAGE were then counted, and the percentage of retinal ganglion cells (y-axis) that each sample included was determined. There was a statistically significantly higher rate of ganglion cells stained with RAGE in diabetic rats fed on a HFD compared to diabetic animals fed on a normal diet as well as control rats. (\*\*p \< 0.001).](1471-2415-13-14-6){#F6}

Upregulation of TNF-α was observed in diabetic animals on a HFD. Immunoreactivity was found in the IPL and outer plexiform layer (OPL) (Figure [7](#F7){ref-type="fig"}). The WB revealed a higher expression of TNF-α in diabetic rats fed on a HFD than in diabetic rats fed on a normal diet and controls (Figure [7](#F7){ref-type="fig"}).

![**TNF-α retinal expression.** The immunohistochemical expression of TNF-α was found to be upregulated in vessels of the inner retina of the diabetic group fed on a HFD (arrows) compared to diabetic group on a normal diet and controls. Barr 10 μm. Western blot confirms the higher expression in the diabetic group on a HFD. (\*\*\*p \< 0.0005).](1471-2415-13-14-7){#F7}

VEGF was seen in the retina in the FL, OPL and RPE (Figure [8](#F8){ref-type="fig"}). WB analyses showed a higher expression of VEGF in rats fed on a HFD than in controls and diabetic rats on a normal diet (Figure [8](#F8){ref-type="fig"}).

![**Immunohistochemical analysis of VEGF expression in the different retinal layers.** A higher expression was found in diabetic rats on a HFD compared to controls. VEGF expression in the different layers: the fiber layer (FL), outer plexiform layer (OPL) and retinal pigment epithelium (RPE). Bar 50 μm. Western blot confirms the higher expression of VEGF in the HFD group. (\*\*\*p \< 0.0001).](1471-2415-13-14-8){#F8}

Immunoreactivity of 5-LO was observed in the GCL, in the INL and in the retinal pigment epithelium (RPE) of both diabetic rats and controls. Although there was a similar pattern among diabetic rats, staining extension was greater in diabetic animals on a HFD than in diabetic animals on a normal diet. In addition, a higher expression of 5-LO was observed on WB in animals fed on a HFD compared to controls and diabetic rats on a normal diet (Figure [9](#F9){ref-type="fig"}).

![**Immunohistochemical analyses of 5-LO.** A similar immunohistochemical pattern was observed in the three groups of animals. The control group shows stained cells separated by free space (arrows) in the GCL while staining in the GCL of the HFD group is much more dense (arrow head). Bar 50 μm. The difference was confirmed by WB analyses. (\*p \< 0.05).](1471-2415-13-14-9){#F9}

Discussion
==========

We have conducted an experimental study of diabetic retinopathy in diabetic rats fed on a HFD. In these animals inflammatory and proangiogenic molecules were found to be upregulated. To the best of our knowledge, this is the first study done in diabetic rats in which a HFD along with glycemia have a synergistic effect that leads to retinopathy development.

Most diabetic retinopathy studies carried out in rodents involve type 1 diabetes models. In this model the injury induced by the STZ injection causes complete destruction of pancreatic beta cells. This is different from what occurs in type 2 diabetes models in which beta cell loss takes place at a slower rate. However, the use of both a HFD and STZ in our diabetes model might confuse the reader. This model includes neonatal rats in which progenitor cells are still present in the pancreas after birth, inducing the regeneration of beta-cells and keeping up insulin secretion. Our model of diabetes was previously characterized by other investigators \[[@B12],[@B16]\] and recommended for studies on diabetic complications associated with obesity \[[@B17]\].

Glycemia and triglyceridemia levels were found to be more elevated in diabetic animals than in controls. In our research we measured total cholesterol levels, but not low density and high-density lipoprotein levels. This might have yielded interesting data given the harmful effect of LDH on the cardiovascular system \[[@B18]\].

The fatty acid chemical compound diet in HFD animals shows a profile known to be risky for cardiovascular disease and favours cell damage \[[@B19]-[@B21]\]. Our results are consistent with this. In our group of animals on a HFD there was a significantly higher frequency of vessel abnormalities in the form of acellular capillaries and loss of pericytes as well as ganglion cells than in non-diabetic controls. Although several factors could have been involved in this unbalanced situation, we think that the decrease of docosahexaenoic acid-derived neuroprotectin D1 (NPD1) \[[@B22]-[@B24]\] was undoubtedly a major contributing factor. Arachidonic acid (AA) is catalyzed by the enzyme 5-LO, resulting in the production of platelet activating factor, prostaglandines, leukotrienes and thromboxanes, which are all metabolites involved in inflammatory diseases \[[@B25]\]. The biosynthesis of leukotrienes was found to be elevated in diabetic mice \[[@B26]\]. Leukotrienes increase vascular permeability and play a crucial role in activating the nuclear factor kappa B (NF-κB) proinflammatory pathway \[[@B27]\]. The 5-LO enzyme has been involved in diabetes and its complications \[[@B28]\]; for example, in cardiac ischemia reperfusion where the use of 5-LO RNAi showed protective effects \[[@B29]\]. In the retina, the 5-LO promotes the presence of lipid inflammatory mediators in ischemic disorders \[[@B30]\] and it has also caused retinal capillary degeneration in a diabetes mouse model \[[@B31]\]. In our study 5-LO immunoreactivity was identified in the RPE and GCL of diabetic animals. However, protein expression was found to be significantly higher in animals fed on a HFD. Interestingly, 5-LO has recently been discovered as a potential therapeutic target for ocular diseases associated with angiogenesis \[[@B32],[@B33]\]. Moreover, zileuton, a specific 5-LOX inhibitor, may play a role in the reduction \[[@B34]\] of angiogenesis.

RAGE is known to be involved in diabetic retinopathy pathogenesis. In early diabetes advanced-glycation end products modulate retinal vasopermeability and alter interendothelial cell tight junction integrity, leading to inner blood retinal barrier dysfunction. This seems to result from the upregulation of VEGF \[[@B35]\]. RAGE ligation in endothelial cells activates the NF-κB. An increase of cells with activated NF-κB has been found in diabetic rats with RAGE-dependent regulation \[[@B36]\]. RAGE and its ligands are increased in the vitreous cavity of eyes with proliferative diabetic retinopathy, suggesting a role in the development of proliferative retinal diseases \[[@B28],[@B37]\]. RAGE and VEGF may constitute a powerful association that hastens diabetic retinopathy.

Early in the course of diabetic retinopathy, Müller cells markedly upregulate the expression of GFAP \[[@B6]\], a nonspecific response to pathophysiological conditions. Müller cells produce factors capable of modulating blood flow, vascular permeability, and cell survival, and their processes surround all blood vessels in the retina. The role of these cells in the pathogenesis of retinal microangiopathy has therefore been established \[[@B38]\]. VEGF is known to be an essential agent in retinal inflammation, vascular leakage, hypoxia and angiogenesis. In our group of diabetic animals fed on HFD, VEGF immunoreactivity was observed in the fiber layer, outer plexiform layer and RPE layer. VEGF can be produced by vascular endothelial cells, glial and ganglion cells, pericytes and retinal pigment epithelium cells. Based on their morphology and retinal localization, VEGF immunoreactivity was identified in retinal pigment epithelial cells and probably also in endothelial and glial cells. In a research carried out in VEGF knockout mice investigators reported a significantly reduced expression of inflammatory biomarkers, a relatively low number of acellular capillaries, and less vascular leakage compared to a group of diabetic control mice \[[@B39]\]. A VEGF antagonist, the pigment-epithelium-derived-factor (PEDF), reduces the effect of VEGF \[[@B40]\]. In patients, bevacizumab, pegaptanib, and ranibizumab (antiVEGF agents) are intravitreously injected in diabetic retinopathy and exudative macular degeneration. Aflibercept (VEGF Trap Eye) will be soon incorporated into clinical use. Nevertheless, a longing acting drug with a less frequent need for injections has not been found yet. Anyway, it is of ophthalmic interest that susceptibility of tumor cells to antiVEGF agents is dissimilar \[[@B41]\], probably due to levels of VEGFR2. Resistant cases have been found in association with low levels of VEGFR2. To our knowledge, this has not been investigated in the eye. Ophthalmologists are aware of cases of diabetic macular edema and proliferative diabetic retinopathy that minimally respond to antiVEGF therapy. Drug delivery systems or nanoparticles functionalized with antiVEGF molecules could be used to work this out \[[@B42]\].

The role of the inflammatory cytokine TNF-α in the pathogenesis of diabetic retinopathy is well established. In recent investigations, retinal inflammation and apoptosis of microvascular cells and neurons were significantly reduced in the absence of TNF-α \[[@B43]\]. In rheumatoid arthritis and other systemic inflammatory diseases several TNF-α inhibitors have been used (adalimunab \[humira\], etanercept \[enbrel\], infliximab \[remicade\]) \[[@B44]\]. Cimzia is a new TNF-blocker, which shows less toxicity and a higher affinity to human TNF \[[@B45]\]. Actemra is a monoclonal antibody blocker of IL-6 that also affects TNF-α. The two TNF-α receptors, TNFR1 and TNFR2, have been found to be involved in ischemia reperfusion injury and would be interesting targets for pharmacological therapies \[[@B46]\]. Finally, a recent research study reported that TNF-α resistance promotes drug resistance in malignant tumors \[[@B47],[@B48]\] posing an interesting hypothesis for analysis in eye research.

In a study done in humans on the profile of lipids and proteins with paracrine functions encountered in the vitreous, the progression of diabetic retinopathy correlated with increased levels of 5-LO metabolites and VEGF, which is to some extend similar to the findings of our study \[[@B49]\]. In our opinion several inflammatory and proangiogenic factors are involved in the development of diabetic retinopathy. However, most ocular treatments have included monotherapies. This approach contrasts with what is often implemented in oncology, that is to say, combined pharmacological therapies, targeting different sites to tackle several disease mechanisms \[[@B50]\]. We think that combined pharmacological therapies should be tested more frequently in experimental diabetic retinopathy studies.

Conclusions
===========

It is noteworthy that an injection of 45 mg/kg of STZ and a HFD resulted in much more retinal changes than a single STZ injection of 90 mg/kg in rats. These results support the hypothesis of a synergistic effect of lipotoxicity and glucotoxicity on the retina. The model of neonatal diabetic rats fed on a HFD seems to be useful to further evaluate mechanisms involved in diabetic retinopathy progression as well as to find new therapeutic targets.
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